Pig kidney diamine oxidase (EC 1.4.3.6) oxidizes diamines more readily than monoamines and several explanations of this have been offered. Zeller (1951) originally suggested that the enzyme was di-negatively charged and attracted a dicationic species of substrate. Subsequently (Zeller, Fouts, Carbon, Lazanas & Voegtli, 1956; Fouts, Blanksma, Carbon & Zeller, 1957) it was found that hydroxy amines were good substrates whereas monoquaternary derivatives ofputrescine and cadaverine were not, and Zeller et al. (1956) suggested that diamino substrates acted in a monocationic form as nucleophiles towards an electrophilic residue on the enzyme. The problem was reinvestigated (Bardsley, Hill & Lobley, 1970) and with some modifications the former alternative was supported, although nonoxidation of the mono-quaternary compounds was not explained.
It was then considered important to obtain compounds in which one amino group in a diamine was replaced by a group bearing a formal positive charge and to test these compounds as substrates of diamine oxidase. This paper reports the synthesis of such onium congeners of diamines in which the charged group is a dimethylsulphonium, isothiuronium, trimethylammonium, NN'-dimethylimidazolium or N-methylpyridinium species and the behaviour as substrates is compared with that of parent diamines and other related compounds. The structures for these compounds are illustrated in Table 1 .
On the basis of this information and a study of inhibition by high substrate concentration a revised model for substrate binding is presented.
MATERIALS AND METHODS
Materials The sources for commercially available chemicals were as reported previously ). In addition, 3-hydroxyprop-1-ylamine and laboratory reagents were obtained from BDH Chemicals Ltd., Poole, Dorset, U.K. 4-Hydroxybut-1-ylamine, 5-hydroxypent-1-ylamine, 6-hydroxyhex-1-ylamine, 4-cyanobut-1-yl bromide, 5-cyanopent-l-yl bromide, 2-aminomethylpyridine, 3- aminomethylpyridine, 4-aminomethylpyridine and 2-(2'-aminoethyl)pyridine were obtained from R. N. Emanuel Ltd., Alperton, Middx., U.K., and p-tolunitrile and 1,5-dibromopentane were obtained from Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K.
Protein determination
The biuret method of Itzhaki & Gill (1964) was used to determine protein.
Mea8urement of substrate oxidation 02 uptake was measured by conventional Warburg manometry at 37°C, with air as the gaseous phase. A final volume of 1 ml of buffer (0.1 M-potassium phosphate, pH 7.0) was used, containing enzyme (0.1 unit), catalase (0.2 unit) and appropriate substrate concentrations. The enzyme unit has been defined by . Enzyme preparation
All operations except steps 1 and 2 were carried out at 40C. Potassium phosphate buffer, pH 7.0, was used. The preparation is summarized in Table 2 .
Step 1. Fresh pig kidney cortices (3.24kg) were homogenized in 0.1 M buffer (1750 ml) and then centrifuged.
Step 2. The supernatant was heated at 60°C for 10min, cooled and centrifuged.
Step 3. The supernatant from step 2 was fractionated with (NH4)2SO4 and the precipitate between 1.2 and 2.5m collected and dialysed against 0.1 M buffer.
Step 4. The dialysis residue was applied to a hydroxyapatite column (4.5 cmx 21cm). This was then washed with 0.1 M buffer containing 0.2M-(NH4)2SO4 and the enzyme eluted by raising the (NH4)2SO4 concentration to 0.5M. The active fractions were pooled and the enzyme was collected by raising the (NH4)2SO4 concentration to 2.5M.
Step 5. After centrifugation and dialysis against 0.02M buffer, the dialysis residue was then applied to a DEAESephadex A-50 column (2.5 cm x 33 cm), which was developed by gradient elution. The Varigrad device had 0.02M buffer (200 ml) in the first compartment, 0.2M buffer (200 ml) in the second and 0.5M (200 ml) in the third.
Step 6. The pooled active fractions (47ml) were then applied to a Sephadex G-200 column (2.5cmx92.5cm) and this was developed with 0.1M buffer. The active fractions (80ml) were pooled and concentrated against sucrose. After dialysis the final volume was 13 ml.
Graphical methods Determination of V and Km. Plots of v against v/s were used (Eadie, 1952 Determination of K. Inhibition by high substrate concentration has been treated by Haldane (1930) and Dixon & Webb (1964, p. 75) . According to this theory the enzyme-substrate complex can react with a further molecule of substrate to give an enzyme-bisubstrate complex, which does not lead to further reaction. The maximum observable velocity, V, in such cases bears a relationship to the theoretical maximum velocity in the absence of substrate inhibition, Vmax., given by:
where s is the substrate concentration, K, is the dissociation constant for the enzyme-substrate complex (leading to further reaction) and K' is the dissociation constant for the enzyme-bisubstrate complex (causing inhibition). Webb (1963) has shown that a similar expression can be derived without necessarily making the same assumptions (e.g. inactive enzyme-substrate complexes can also be proposed). He suggests plots of v against p8 to show substrate inhibition as symmetrical bell-shaped curves, whereas Dixon & Webb (1964, p. 75) recommend plots of 1/V against 8, which gives K, by extrapolation. The variation of K' with chain length in a series of related compounds is shown in Fig. 3 .
Determination of K,. Inhibition by bis-onium com- pounds is shown in Fig. 4 by using double-reciprocal plots. According to Dixon & Webb (1964, p. General methods used in the preparation of substrates and intermediates are now summarized.
(a) Preparation of aminoalkyl bromide8. p-Aminomethylbenzyl bromide, 3-aminoprop-1-yl bromide, 4-aminobut-1-yl bromide, 5-aminopent-1-yl bromide and 6-aminohex-1-yl bromide were required as hydrobromides for the present study. A simple modification of a method described for 2-aminoethyl bromide (Cortese, 1938) was used to prepare these from the corresponding hydroxyalkylamines. The hydroxy amine (0.05 mol) was refluxed in 60% (v/v) HBr (15ml) for l-h. After lOml had been distilled off at atmospheric pressure a further quantity of 60% HBr (15ml) was added and slowly distilled off. The residue was evaporated to dryness under reduced pressure and recrystallized from ethanol-ethyl acetate (yield 75-85%).
(b) Preparation of S-aminoalkyli8othiuronium compound8. The method of Doherty, Shapira & Burnett (1957) was used to prepare the 3-aminopropyl and 4-aminobutyl compounds by treating the aminoalkyl bromide with thiourea in boiling propan-2-ol. It was extended to prepare the 5-aminopentyl and 6-aminohexyl derivatives and also S-(p-aminomethylbenzyl)isothiuronium bromide hydrobromide.
(c) Preparation of aminoalkyldimethyl8ulphonium bro- Melting points were determined on a Kofler block and are uncorrected.
Preparation of S-aminoalkylisothiuronium bromides S-(3-Aminoprop-1-yl)-and S-(4-aminobut-1-yl)-isothiuronium bromide were prepared as hydrobromides by the method of Doherty et al. (1957) . General methods (a) and ( C, 49.4; H, 3.9; Br, 30.2; N, 5.7; CIIH1oBrNO requires C, 49.3; H, 3.8; Br, 29.8 ; N, 5.2%). 3-Phthalimidoprop-1-yl bromide (5g) was dissolved in ethanol (40 ml) and a 33% (v/v) solution of trimethylamine in ethanol added (20 ml).
After the solution had been kept in a stoppered flask for 3 days at room temperature it was evaporated to dryness and the residue recrystallized from propan-2-ol to give 3-phthalimidoprop-1-yltrimethylammonium bromide, m.p. 198-199°C (yield 191-192°C (Found: C, 28.9; H, 7.1; Br, 55.1; N, 9.8; C7H20Br2N2 requires C, 28.8; H, 6.9; Br, 54.7 ; N, 9.6%) as prepared by an extension of the method of Lott & Krapcho (1957) . A similar method was used to prepare 5-aminopent-1-yltrimethylammonium bromide hydrobromide, m.p. 209-210°C (Found: C, 31.2; H, 7.5; N, 9.1; C8H22Br2N2 requires C, 31.4; H, 7.2; N, 9.2%). 6-Aminohex-1-yltrimethylammonium bromide hydrobromide had m.p. 152-153°C [Lott & Krapcho (1957) by using an extension of the method described for 3-aminoprop -1 -yltrimethylammonium bromide hydrobromide. 
Aminomethyl-and aminoethyl-substituted N-methylpyridinium bromides
These were all prepared as hydrobromides by the sequence of general methods (d) (method 1), (e) and (f) except that reaction times were considerably longer for 2-substituted compounds. 2-Phthalimidomethylpyridine had m.p. 118-119°C (Found: C, 70.7; H, 4.2; N, 11.3;  C14HIoN202 requires C, 70.6; H, 4.2; N, 11.8%). Benzylamine derivatives p-Hydroxymethylbenzylamine. p-Cyanobenzyl bromide (10.2g) prepared by the method of Karrer & von Schmid (1946) 1,3-Diaminopropane 3-Aminopropan-l-ol 3-Aminoprop-1-yl bromide I-Aminopropane 3-Dimethylaminoprop-1-ylamine 3-Aminoprop-1-yldimethylsulphonium bromide S-(3-Aminoprop-1-yl)isothiuronium bromide 3-Aminoprop-1-yltrimethylammonium bromide 1,4-Diaminobutane (putrescine) 4-Aminobutan-l-ol 4-Aminobut-1-yl bromide 4-Aminobutane 4-Dimethylaminobut-1-ylamine 4-Aminobut-1-yldimethylsulphonium bromide S-(4-Aminobut-1-yl)isothiuronium bromide 4-Aminobut-1-yltrimethylammonium bromide 1,5-Diaminopentane (cadaverine) 5-Aminopentan-l-ol 5-Aminopent-1-yl bromide 5-Aminopentane 5-Dimethylaminopent-1-ylamine 5-Aminopent-1-yldimethylsulphonium bromide S-(5-Aminopent-1-yl)isothiuronium bromide 5-Aminopent-1-yltrimethylammonium bromide 1,6-Diaminohexane 6-Aminohexan-l-ol 6-Aminohex-1-yl bromide 6-Aminohexane 6-Dimethylaminohex-1-ylamine 6-Aminohex-1-yldimethylsulphonium bromide S-(6-Aminohex-1-yl)isothiuronium bromide 6-Aminohex-1-yltrimethylammonium bromide p-Bis(aminomethyl)benzene (p-xylylenediamine) p-Hydroxymethylbenzylamine p-Methylbenzylamine p-Methylaminomethylbenzylamine p-Dimethylaminomethylbenzylamine p-Aminomethylbenzyldimethylsulphonium bromide S-(p-Aminomethylbenzyl)isothiuronium bromide p-Aminomethylbenzyltrimethylammonium bromide p-(2'-Aminoethyl)benzylamine 4(5)-(2'-Aminoethyl)imidazole (histamine) 1,3-Dimethyl-4(5)-(2'-aminoethyl)imidazolium bromide 2-Aminomethylpyridine l-Methyl-2-aminomethylpyridinium bromide 3-Aminomethylpyridine I-Methyl-3-aminomethylpyridinium bromide 4-Aminomethylpyridine 1-Methyl-4-aminomethylpyridinium bromide 2-(2'-Aminoethyl)pyridine 1-Methyl-2-(2'-aminoethyl)pyridinium bromide V (ul -min-') ( Matsui & Ogata (1967) and did not have the absorption peak at 405nm found by Mondovi et al. (1967) . In our hands preparations with lower specific activities have shown this band, which may be due to a contaminant, as Goryachenkova & Ershova (1965) suggest. Table 3 shows that, when one amino group in a diamine is substituted by a hydroxy group or a group bearing a formal positive charge, V is somewhat decreased, except for trimethylammonium compounds, which were not oxidized. The apparent Km was not appreciably altered for onium compounds, but hydroxy, dimethylamino or bromo substitution caused a marked increase in Km.
Inhibition by high concentrations of substrate is shown in Table 3 and Figs. 1, 2, 3 and 4. From these it is apparent that substrate inhibition depends on both the structure of the groups involved and the chain length. Hydroxy amines, bromo amines, putrescine and cadaverine gave almost no inhibition; 1,3-diaminopropane, 1,6-diaminohexane and dimethylsulphonium compounds gave weak substrate inhibition; histamine and the isothiuronium compounds showed strong substrate inhibition. In any given series the substrate inhibition is minimal for four and five methylene units, rising on either side of this. p-Xylylenediamine showed strong substrate inhibition, but this decreases considerably as one amino function is dimethylated, monomethylation having little effect.
A number of other compounds were studied and found to be poor substrates. Maximum rates of oxidation for these compounds, together with the concentration at which this was observed are as follows: ethylamine (02 uptake 0.122,1 -min1 at 10mM) ;S-(2-aminoethyl)isothiuroniumbromide (02 uptake 0.168,u-lmin-I at 3.0mm); benzylamine (02 uptake 0.052,ul-min-I at 10mM); phenethylamine (02 uptake 0.047,ul-min-1 at 10mm); 3-phenylpropylamine (02 uptake 0.034ul -min-' at 10mM); 4-phenylbutylamine (02 uptake 0.040,ul -min-I at 10mM); p-methoxybenzylamine (02 uptake 0.102,ul min-1 at 10mm); p-methoxyphenethylamine (02 uptake 0.078,ul-min-1 at 10mm); spermine (02 uptake 0.036uldmmiifl at 30mm); spermidine (02 uptake 0.108pul-min-1 at 30mm); lysine, tyramine and mescaline (no detectable oxidation).
Several of the benzylamine derivatives prepared (particularly p-dimethylaminobenzylamine) have been useful for assay of the enzyme, u.v. absorption by the aldehyde produced on oxidation being determined spectrophotometrically. 
DISCUSE
It is known that diamine obic conditions with pig k causing an alteration in th enzyme (Yamada et al. 196 ' A derivative of a Schiff base pyridoxal phosphate has b hydride reduction (Kumag Fukami, 1969) 
AMINOALKYL-ONIUM COMPOUNDS
Stage 3 involves ionization of a proton from the methylene group adjacent to the substrate amino group involved in Schiff-base formation, and is not likely to be much influenced by changes in substrate structure where these are confined to more distant regions of the substrate molecule. This will be a slow rate-limiting step.
Stage 4 is similar to stage 2. Stages 5, 6 and 7 will be identical in all substrates and, in the present work, did not reach equilibrium, so the formulations suggested by Cleland (1963) are not directly applicable in this case.
However, it seems reasonable to conclude that the overall velocity of the reaction will be mostly affected by substrate structure at stages 1 and 2, and that the apparent Km determined in this work is an approximate inverse measure of the affinity of the enzyme for substrate.
Under equilibrium conditions (Zeller et al. 1956 ) since these onium groups could not act as nucleophiles. Non-oxidation of the trimethylammonium compounds remains to be explained.
Replacement ofone amino group ofa diamine by a dimethylamino group usually alters V slightly, but usually causes a large increase in Ki, and it is difficult to see why introduction of a further methyl group should have such a pronounced effect. The explanation cannot be that the formal positive charge renders the substrate-binding site and substrate incompatible, since a large number of compounds with formal positive charges are oxidized. Also, steric hindrance is rendered less likely by the oxidation of bulky heterocyclic, aromatic and isothiuronium compounds although, of all the compounds tried that carried a positive charge, only the trimethylammonium compounds present a severely hindered close approach to the charged centre itself. The aminoalkyltrimethylammonium compounds were not inhibitory and pentamethonium had weak inhibitor potency, so the conclusion must be that the binding site has a low affinity for trimethylammonium groups. tentatively suggested that a possible explanation could be that the negative charge on the enzyme is located in a hydrophilic region. It is then envisaged that a critical balance exists between the attraction of a cation to the enzyme negative charge and repulsion due to interaction between the hydrophobic methyl groups of the substrate and the hydrophilic region surrounding the enzyme negative charge. With diamines, dimethylaminoalkylamines, dimethylsulphonium compounds, isothiuronium compounds, quaternary heterocyclic and p-xylylenediamine derivatives the overall effect of the balance resulting from attraction between positively charged substrate and negatively charged enzyme, repulsion between the hydrophilic region surrounding the enzyme negative charge and hydrophobic regions of the substrate, together with the operation of steric factors is affinity, since the group contributing to binding is positively charged and either solvated by water molecules or has a flat structure owing to trigonal hybridization. With trimethylammonium compounds there is no overall affinity, since the positively charged nitrogen atom is tetrahedrally hybridized and, being surrounded by hydrophobic methyl groups, is probably not appreciably solvated by a solvent cage of water molecules. This scheme also accomodates the hydroxyalkylamines, which would be good substrates because of attraction between the hydroxy group and this hydrophilic region, although this attraction would be less than that between formal positive and negative charges, and higher substrate concentrations would be needed for saturation (cf. the high values for Km for hydroxy amines in Table 3 ).
Inhibition by high substrate concentration&. Several possible explanations can be advanced for this phenomenon. (a) Substrate molecules at high concentration might crowd on to the active site in an end-on position instead of the parallel alignment needed for the forward reaction (Zeller, 1951) . This explanation cannot be upheld, since monoamines and mono-onium compounds would be strongly inhibitory, which they are not (Zeller, 1951; Blaschko, Fastier & Wajda, 1951) . (b) Substrate molecules might be able to bind on to the enzyme so that the amino group is adjacent to the substratebinding site and the other group (e.g. the imidazole ring in histamine) is juxtaposed to the oxidizing site. This is untenable, since 1,3-diaminopropane and 1,6-diaminohexane show weak substrate inhibition and p-xylylenediamine shows strong inhibition. (c) The substrate might be able to complex with the enzyme or cofactor, e.g. histamine might react with pyridoxal (Mondovi, Scioscia-Santoro, Rotilio & Costa, 1964 To settle these alternatives a preliminary study of the inhibition by 1,5-pentamethylene bis-onium compounds was undertaken. The bis-guanidinium and bis-isothiuronium compounds gave strong mixed inhibition, the bis-trimethylammonium compound weak competitive inhibition (K, 1.0mM) and the bis-dimethylsulphonium compound strong competitive inhibition (Kg 0.27mM). This kinetic behaviour may best be interpreted in terms of mechanism (d) by assuming that the bis-guanidinium and bis-isothiuronium compounds inhibit by one onium group interacting with the inhibitorysubstrate-binding site and the other with the substrate-binding site negative charge, whereas the bis-dimethylsulphonium compound inhibits competitively with one onium group adjacent to the substrate-binding site negative charge and the other next to the oxidizing site.
This assumes that the oxidizing site is also negatively charged (which is distinctly possible, since pyridoxal phosphate is probably located here) or has affinity for onium groups, and also explains why, even though the rate of oxidation of the diamines decreases markedly as chain length exceeds six methylene units, inhibition by bis-onium compounds does not decrease so rapidly (Blaschko et al. 1951 ).
This may be because the long-chain bis-onium compounds can inhibit with one onium group at the inhibitory-substrate-binding site and one at the oxidizing site. . Proposed scheme for substrate binding in pig kidney diamine oxidase using information from this and previous work hypothesis rather than as excluding a dynamic or induced-fit model.
